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In recent years, to investigate applicability of the strengthening method using fiber-reinforced 
polymer (FRP) composite materials on existing reinforced concrete (RC) structures under impact 
loading, the experimental researches and development have been conducted both in and out of Japan. 
Because the FRP materials have the advantages of light weight, non-corrosiveness, high ratio of 
strength to weight, and relatively easy installation. To apply the method in practice, the design 
specification has to be established smoothly by conducting not only experimental but also numerical 
research works efficiently. However, the numerical analysis method precisely evaluating FRP sheet 
debonding and/or fracture has not been developed yet.  
From this point of view, in this study, the numerical analysis method to better simulate the 
strengthening effects of the FRP sheets considering the sheet debonding and fracture was developed. 
To accomplish this, an equivalent tensile fracture energy concept for concrete elements under 
consideration of the elastic tensile strain energy and introduction of a fictitious tensile strength of 
concrete was proposed. The applicability was considered comparing with the experimental results of 
the RC beams strengthened in flexure with Aramid FRP sheets under drop-weight impact loading tests 
varying drop height of the weight and sheet volume. The test results in the cases of iterative impact 
loading with a constant energy and gradually increasing energy were also considered. From the 
comparison among two models frequently used worldwide and the proposed method based on the 
experimental results, it is confirmed that the proposed method can most precisely simulate the test 



















その結果，(1) 単一載荷時において，コンクリート要素の軸方向要素長を 6 mm 
程度まで小さくすることによって，特に梁のたわみやシートの軸方向ひずみに関す
る時刻歴応答波形，シートの剥離や破断現象，及び実験終了後のひび割れ分布を適
切に再現可能である。(2) また，シート補強量や重錘の落下高さを任意に変化させ
た場合に対しても梁の耐衝撃挙動を適切に評価可能であることを明らかにしてい
る。(3) さらに，単一載荷のみならず重錘落下高さ漸増繰り返し載荷や一定繰り返
し載荷時においても，載荷回数の増加に伴う梁の劣化損傷の進行を精度よく再現可
能である。(4) 静荷重載荷時に適用される軟化領域を考慮した破壊エネルギー等価
の概念を適用するKCCモデルでは，単一載荷の場合においても梁の耐衝撃挙動を適
切に評価できないことや，CSCモデルの場合にはシート剥離や破断現象，ひび割れ分
布を適切に再現できないこと，等を明らかにしている。 
以上の成果は，偶発（衝撃）作用を受ける新素材繊維（FRP）材料で補強された鉄筋コン
クリート（RC）部材の耐衝撃挙動の解明に寄与するところ大であり，本論文は博士（工学）
の学位を授与される資格があるものと認められる。 
 
 
 
 
 
 
 
